An electroless plating method was applied to deposit Au onto the surfaces and the walls of pores of polycarbonate membranes to prepare gold nanotubules. The nanotubules were modified with cysteine (Cys) or with carbamidine thiocyante (Gua). The effects of modifiers and of the fine structure of organic molecules on the transport properties of those molecules through the gold nanotubules were investigated. Studies show that the hydrophilicity of modifiers and the planar structure of permeating molecules clearly affect the transport of small organic molecules in gold nanotubules. Tryptophan (Try) and vitamin B2 (VB2) was cleanly separated at pH 6.8.
Introduction
Deposition of gold onto the membrane filter has been reported. In 2003, Niidome et al. 1 reported a novel technique of laserinduced deposition to spatioselectively deposit gold nanoparticles onto a membrane filter and onto the inner wall of a glass capillary tube. The deposited gold nanoparticles acted as seeds for electroless copper plating of the gold deposited region. Martin et al. 2 first used the template method to construct Au nanotubules by an electroless plating approach on the surfaces of polymer membrane templates. Nanotubules prepared by this approach are arrays of single dispersive columnar pores. When the Au deposition time was controlled, the inside diameter of the nanotubules can be varied at will even down to small molecular dimensions lower than 1 nm. This suggested that these membranes might be useful as molecular sieves. [3] [4] [5] [6] Studies show that this type of Au nanotubules enjoys permeation selectivity based on the difference of the size of molecules or ions and the electric charge of ions. [3] [4] [5] [6] [7] [8] [9] In general, the bigger the radius of the substances through the nanotubules was, the slower the transport rate that was observed.
Martin and his coauthors 5 studied the selectivity of three "large molecule-small molecules pairs" through gold nanotubules such as ruthenium pyridine-methyl violet, rhodamine B-aniline and quinoline-pyridine. Compared with those molecules with larger size such as ruthenium pyridine, rhodamine B and quinoline, smaller molecules, methyl violet, aniline and pyridine, can preferentially transport through nanotubules of the same diameter. Based on this type of gold nanotubule membranes, Martin and his colleagues developed a measurement method with high selectivity to test ruthenium pyridine, methyl violet and naphthol. 10 Modification of different chemical groups within interior walls of nanotubules facilitates formation of specific transport environments and introduces chemical transport selectivity into these nanotubules. 3, 11, 12 To modify gold nanotubules with thiol compounds with different chain length may help separation of polar and non-polar molecules. 4 The nanotubules modified with non-polar alkyl chains onto gold via thiol group or by the adsorption process may transport selectively non-polar hydrophobic molecules (e.g. C16 alkyl chains) while hindering hydrophilic molecules (e.g. C2 alkyl chains). 11 However, among available studies, few reports have been made on the impact of the fine structure of substances on gold nanotubules.
In this research, we have been exploring effects of modifiers and the fine structure of molecules on the transport properties of the gold nanotubules prepared by an electroless plating method to deposit Au onto the surfaces of polycarbonate membranes and the walls of pores within membranes.
The gold nanotubules were modified by cysteine (Cys) or by carbamidine thiocyanate (Gua).
Experimental

Reagents and apparatus
The Au nanotubules were prepared by chemically depositing Au onto the surfaces of polycarbonate nanoporous filtration membranes and the walls of pores within nanoporous membranes with pore diameters of 100 nm, thicknesses of 6 μm, and pore densities of 6 × 10 8 pores/cm 2 (Millipore Company). Cys and Gua were obtained from Shanghai Biotechnology Engineering Company. Milli-Q 18.3 MΩ water was used throughout the experiments. Other reagents were of analytical reagent grade.
SPA-400 atomic force microscope (AFM) (Seiko, Japan) was used for the characterization of the Au nanotubules. The fluorescence spectra were recorded on a F-2500 fluorescence spectrophotometer (Hitach, Japan) and a JY fluorescence spectrophotometer (Flurolog Lau-sun, France).
Procedure
Preparation of the Au nanotubules. Au nanotubules were prepared according to the modified method proposed by Martin et al. 12, 13 The polycarbonate nanoporous filtration membrane was immersed into methanol for 5 min and then immersed for 45 min in a solution of 0.025 M in SnCl2 and 0.07 M in trifluoroacetic acid. The membrane was placed in methanol two consecutive times for 2.5 min each and was then immersed in an aqueous ammoniacal AgNO3 solution (0.029 M) for 5 min, followed by soaking in methanol for 5 min. After treatment in AgNO3, the membrane was placed in the gold-plating bath containing 0.127 M Na2SO3, 0.625 M formaldehyde and 0.025 M NaHCO3. The temperature of this bath was maintained at 5˚C. The plating solution was adjusted to a pH of 10.87 by dropwise addition of 0.5 M H2SO4, with constant stirring. The Au-nanotubule membrane was immersed in 25% (v/v) nitric acid to remove impurities absorbed on the surface of the membrane, then rinsed with water twice. Modification of the Au nanotubules. The Au-nanotubules membrane was placed in a solution containing Cys or Gua for 24 h in a nitrogen atmosphere. In this way, Cys and Gua can be self-assembled onto the inner wall of tubules and on the surface of Au-nanotubules membrane. In this paper, PC-Mem, AuMem, Cys-Au-Mem and Gua-Au-Mem were used to denote the naked polycarbonate nanoporous filtration membrane, the polycarbonate nanoporous filtration membrane covered with gold, the Au-nanotubule membrane modified with Cys and the Au-nanotubule membrane modified with Gua, respectively. After modification, the nanotubule membrane was rinsed with water, and then dried in air. Figure 1 illustrates the schematic of PC-Mem, Au-Mem, Cys-Au-Mem and Gua-Au-Mem. Apparatus for separation. The schematic drawing of separation based on nanotubules, the same as that described in the report, 14 is shown in Fig. 2 . An Au-nanotubule membrane was set in the middle of a transport cell and fixed with an "O-ring". In the experiments, the "O-rings" were used to guarantee the same permeation area of different transport cells. Before every experiment, solutions to be tested were put into the feed cells while solvents of the same volume as to-be-tested solutions were put into the permeating cell to keep the same height of liquid surface in both cells. Both cells should be sampled at the same time for measurements of fluorescence intensity. In other words, the equal liquid level between the feed cell and the permeation cell was maintained during the experiment. After each measurement, the test solutions were injected back into transport cells to keep the comparability of the results.
Results and Discussion
Effect of chemical plating time on the radius of the gold nanotubules
Generally, under the same conditions, when electroless plating is used to deposit Au at the surfaces of polycarbonate ultrafiltration membranes, the diameter of the nanotubules may be controlled by the time of plating. The longer the time of plating, the smaller the diameter was (Table 1 ). Figure 3 shows the scanning electron micrographs of the polycarbonate nanoporous filtration membrane with pore diameter of 100 nm after depositing for 4 h (a) and 6 h (b), respectively. The diameter of pores after depositing for 6 h was obviously less than that after depositing for 4 h. In addition, the pH values of gold plating solutions have some bearing on the gold plating within the nanotubules. The pH value of the plating solution obviously affected the deposition of gold within pores. The higher the pH of the plating solution was, the faster the rate of deposition of gold was observed, resulting in formation of rough surface and bottleneck tubules. If the pH value of the plating solution was too low, the rate of deposition would be slower, so the gold can not be deposited on the membrane. In the following experiments, gold was deposited in a pH 10.87 plating solution.
Selection of solvents
Fluorescein and 2,7-dichlorofluorescein (DFL) are both indissoluble in water. At different pH values, they appear in different states. Under alkaline condition, they will each turn into their sodium salts; such solutions give out strong yellow-1006 ANALYTICAL SCIENCES JULY 2006, VOL. 22 In the experiments we adopted 1:9 ethyl alcohol/water as solvents to prepare fluorescein and DFL solutions.
For VB2, although it is soluble in water, its solubility is too small to present a strong fluorescence signal. To add ethyl alcohol in water may increase the solubility of VB2, therefore, herein we also adopted 1:9 ethyl alcohol/water as solvent for VB2.
Effects of ring-like structure and chain length of organic molecules on their permeation through nanotubules
Different pH values lead to different protonation of Cys, consequently, substances transporting through membranes show different degrees of interaction with Cys. Cys-Au-Mem arrays bear charge-based selectivity and may hence permeate ions with different electric charge selectively. In order to study in depth the selective permeation of the gold nanotubules arrays, we investigated permeation behaviors of tryptophan (Try), morin, fluorescein and VB2 across the PC-Mem, Au-Mem, Cys-AuMem and Gua-Au-Mem, respectively. With fluorescence as measurement signal, the permeation content of the to-be-tested molecules through the permeating cell was measured against time span for up to 3 days consecutively each time. Figure 4 shows the structure of the filter membrane, morin, Try, VB2 and fluorescein. On the surfaces of the filter membranes there are hydrophilic carbonyl groups, while Cys is more hydrophilic than Gua. With the simplest structure, Try has only two coplanar rings, Morin has non-coplanar benzene rings, while fluorescein has a coplanar benzene ring besides a non-coplanar benzene ring structure. Compared with them, VB2 is of the slackest structure. Figure 5 shows transporting plots of fluorescein (FL), VB2, morin, Try through the PC-Mem, AuMem, CYs-Au-Mem, and Gua-Au-Mem versus time.
As shown in Fig. 5 , fluorescein and VB2 showed significant distinction of permeation through 4 types of membranes with time, while morin and Try basically kept a consistent fluorescence intensity. Therefore, modification of Cys and Gua within nanotubules did not affect the permeation of morin and Try.
From the view point of the structure of the above compounds, the joining mode of 3 rings of morin is obviously different from that of VB2 and fluorescein series, indicating that probably only when there exist at least 3 coplanar ring-like structures in the permeating molecules, can modifiers exert interaction with the permeating molecules. Furthermore, only when polarity of permeating reagents satisfies the demand for structure, can selective permeance be introduced to permeating reagents to respond to their different fine structures. The Try molecule, however, can transport through these nanotubules easily because it has only two contiguous ring-like structures and its size is smaller.
Transport rates of fluorescein through the above membranes showed a trend of progressive decrease in the order of Au-Mem, Gua-Au-Mem, PC-Mem, Cys-Au-Mem, while those of VB2 in the order of Au-Mem, PC-Mem, Gua-Au-Mem, Cys-Au-Mem, indicating that the holistic structure of a molecule plays an important role in the transport rate.
Because the molecular structure of VB2 is slacker than that of fluorescein, it can be concluded that, when VB2 transports the nanotubules, the resistance of the membrane against it must be bigger, as proved by experiment results. If one compares the permeation curves of fluorescein and VB2 within Cys-Au-Mem and Gua-Au-Mem (Fig. 6) , within all the gold nanotubules whatever the modification, VB2 showed a slower transport rate than fluorescein.
Effect of the fine structure of small organic molecules-substituent groups on transport properties
The results of transport experiment of Try, morin, fluorescein and VB2 through the nanotubules showed that the ring-like structure of transporting molecules has great impact on the transport properties. In order to study further the effect of the 1007 ANALYTICAL SCIENCES JULY 2006, VOL. 22 fine structure of organic molecules on transport properties, with fluorescein as an example, we tested three substances with different substituent groups: dichlorofluorescein (DFL), sodium salt of fluorescein (FLNa) and fluorescein isothiocyante (FITC). The transporting variance of three substances through the permeating cell versus time was measured to study their transport states through the PC-Mem, Au-Mem and Cys-AuMem, respectively. The gold nanotubules prepared within same plating time were selected to keep parallelism of the experiment. Each experiment was tested for up to 3 days in parallel for 3 times, sampled and measured at the same time.
Compared with fluorescein, DFL molecule has an excess of two symmetrically substituted chlorine molecules; therefore, FLNa has been completely ionized, while FITC has an excess of isothiocyanate groups.
As for Au-Mem, upon being modified, its inside diameter was decreased to a certain degree, but the decrease is relatively smaller, to a dimension of around 0.2 nm, therefore, the modification exerts no significant effect on the diameter of the nanotubules. Consequently, for the Au-Mem and the Cys-AuMem, the major element affecting the permeating rate of permeating reagents is the interaction between transporting reagents and modifiers; while for the PC-Mem, the major element affecting the permeating rate of permeating reagents is the size of the pore diameter, as proved by experiment results.
DFL, FLNa and FITC of the same concentration were each added into the feed cell, and detected in the permeating cell some days later. Table 2 shows the relative transporting results of DFL, FLNa and FITC through the PC-Mem, Au-Mem and Cys-Au-Mem, respectively.
As shown in Table 2 , the fluorescent substances can transport through the PC-Mem, Au-Mem and Cys-Au-Mem as well, furthermore, the transport rates through nanotubule arrays show a trend of progressive decrease in the order of FITC, DFL and FLNa. Compared with PC-Mem, the amount of the fluorescent substances transported through Au-Mem is small because the size of pores of Au-Mem is smaller than that of PC-Mem. However, the amount of fluorescent substances transported through Cys-Au-Mem clearly increased even though the size of pores of Cys-Au-Mem is smallest among three membranes. On the other hand, the hydrophilicity of membranes increases in the order of Cys-Au-Mem, PC-Mem and Au-Mem. For these three nanotubule arrays, the transport rate through the Cys-Au-Mem ranks first, that through the PC-Mem second and that through the Au-Mem slowest, i.e. the more hydrophilic the nanotubules, the faster the molecules transport. This pattern indicates that both the diameter of the nanotubules and the interaction between modifiers and permeating reagents all affect transport rate, while modifiers play an even bigger role than the size of diameter. Furthermore, the existence of modifiers facilitates the permeation of fluorescent substances across nanotubules.
In Table 2 , with fluorescein as reference, FLNa is the most hydrophilic, DFL the least; FLNa enjoys the biggest increase of the transport rate through above tubules, while FITC shows the least. FLNa exists in a solution as the anion form of fluorescein in reality; therefore, its transport rate increases with the increase of polarity of the nanotubules. Although FITC is more hydrophilic than DFL, DFL enjoys a bigger increase of transport rate than FITC, perhaps because the isothiocyante group of FITC has a stronger interaction with the surface of nanotubules.
Preliminary application of nanotubule membranes, separation of Try and VB2
As previously described, if the molecular structure of the transporting substances meets the demands of coplanar ring-like structure, the molecules can transport through different nanotubule arrays at different rates. Therefore, different substances may be separated according to difference of polarity.
Because Try and morin or fluorescein solution will form precipitates when mixed together, this approach shall not be applied in such case.
Try and VB2 have ring-like structures, and both are soluble in 1:9 ethyl alcohol/water solution, therefore, in a mixed solution, VB2 and Try could be cleanly separated in nanotubules.
Inter-effect of fluorescence of transporting substances
VB2 and Try in the permeation cell were measured by their fluorescent intensity after adding them into a feed cell for a given period. The inter-effect of fluorescence given out by VB2 and Try was investigated.
The result showed that the fluorescent excitation wave lengths of VB2 and Try (λEx) were at 445 nm and 460 nm, respectively, while the emission wave lengths were at 534 nm and 502 nm, indicating that their excitation spectrum peaks did not overlap. In other words, there exists no energy transfer between these compounds.
Our procedure was to fix the content of either of VB2 and Try 1008 ANALYTICAL SCIENCES JULY 2006, VOL. 22 and then change the content of the other, and finally check the variance of fluorescence. The fluorescence intensity of VB2 of 2 × 10 -5 mol L -1 was measured in different concentrations of Try at λEx/λEm = 445 nm/534 nm. The results showed that no significant changes of the position and intensity of emission peak of VB2 appeared along with the increasing content of Try. Therefore, in the separation system herein, Try has no impact on a fluorescence measurement of VB2.
Result of separation
The separation of VB2 and Try was verified by the selectivity of the nanomembrane. To investigate the selectivity of the CysAu-Mem and Gua-Au-Mem for the transport of Try, we poured a 10 mL mixture solution (pH 6.8) containing 10 mg VB2 and same amount of Try into the feed cell. The concentrations of VB2 and Try in the permeate cell were determined by their fluorescent intensity.
In order to express the separation efficiency of the membrane for Try from the mixture solution containing Try and VB2, one can adopt K0 and K1 to express the separation efficiency:
where K0 is the absolute selective separation coefficient; K1 means the relative selective separation coefficient; C1 and C2 are concentrations of the constituents to be separated; and C10 and C20 are the original concentrations of solutions in the feed cell. Figure 7 shows the result of separation, the ordinate stands for the relative permeating rate (after a certain time span, the ratio of the concentration of the VB2 or Try in the permeating cell to that of the original solution in the feed cell at the beginning of
C2/C20
---
C1/C10
C2 --C1 the experiment), while the abscissa represents the times of samplings in parallel. As can be seen in Fig. 6 , within the CysAu-Mem and Gua-Au-Mem, Try and VB2 give different relative selective separation coefficients: 5.7 and 8.6, respectively. Although the Gua-Au-Mem enjoys a high selective coefficient (8.6), the transport rate of its separation objects remains lower. However, although the Cys-Au-Mem enjoys a low selective coefficient, the transport rate of its separation objects appears faster. According to the absolute separation coefficients, the Cys-Au-Mem and Gua-Au-Mem are of selective separation capacity of 111.5 and 168.0, respectively. Therefore, in the actual separation process, gold nanotubule arrays modified by Cys may be selected as an ideal separation tool.
Conclusion
The modification of guanidine thiocyanate and cysteine and the fine structure of organic molecules greatly affect the transport of small organic molecules through the Au-nanotubules. The modification of gold nanotubules expands the difference of transport of VB2 and Try through the Cys-Au-Mem and GuaAu-Mem. VB2 and Try can be permeated through the nanotubules membrane selectively. The research suggested that the different hydrophilic modification will be an effective way for the separation of organic substances and proteins.
